concluded that coaxial probe design was superior to two-wire probes with a balancing transformer. They designed a probe with step changes in rod diameter of total water available for irrigation decisions. We propose a new causing a step change in probe impedance and conse- depth using a probe comprised of a polyvinyl chloride tion of soil water VVCP measurements were independent of conduc-
top of the measurement interval, limiting the sensitivity of the probe to the medium above the region of interest.
Extension of TDR measurement capabilities to en-A dequate estimation of average water content of able water content sensing within large and well-defined wetted soil volumes is important for evaluation soil volumes are desirable for management of drip irriand management of drip irrigation systems. Measuregation systems due to the nonuniform wetting and highly ments of the extent of wetted soil volumes are often dynamic changes in soil water status within active plant made by either exhaustive soil sampling or deployment rooting zones. Coelho and Or (1997) discussed aspects of a dense bank of sensors to monitor the spatial distriof wetted volume sensing as compared with point meabution of soil water content (Coelho and Or, 1997) .
surements and highlighted their importance for proper Among presently available soil water monitoring techmanagement and establishment of automatic irrigation niques, TDR offers the most accurate and repeatable threshold values under nonuniform wetting conditions field method. Time domain reflectometry is capable of induced by drip irrigation. The primary objective of this simultaneous measurement of water content and electristudy was to develop and test a new TDR probe design cal conductivity within the same soil volume. The termed the variable volume coaxial probe (VVCP) for sensing water content in large and partially wet soil method capitalizes on the large disparity between the volumes. dielectric permittivities of water (ε w ϭ 81) and other soil constituents such as air (ε a ϭ 1) and soil solid particles (ε s ϭ 3-5). Consequently, measured bulk dielectric THEORY permittivity (ε b ) is dominated by the water phase. The
We designed a new TDR probe for measurement of average TDR method determines soil ε b from the travel time of volumetric water content (or water storage) in a large soil a step electromagnetic pulse along a buried waveguide volume confined within a coaxial transmission line formed by (TDR probe). Conventional TDR probes are comprised concentric arrangement of VVCP conductors (stainless steel of two or three parallel metal rods completely embedrods). The use of transmission lines for dielectric measurements is well-established (Bussey, 1980 ) using a variety of ded in the medium of interest (Topp et al., 1982) . Zegewaveguides ranging from simple parallel wires to fully coaxial lin et al. (1989) evaluated various probe designs and designs (Zegelin et al., 1989) . The coaxial design has the advantage that the electrical field is confined between the inner and outer conductors, and it propagates in a transverse electromag- the volume that fills the coaxial gap between inner and outer symmetry. A drawback of these constraints is the use of a large value of the inner radius "a" resulting in an unmeasured conductors. Such a design has been used in numerous studies such as to measure dielectric properties of rocks (Kraft, 1987) , soil volume confined within the inner conductor array (just below the dripper). The consequences of such tradeoffs were and by the National Bureau of Standards to measure the dielectric properties of soils and agricultural materials (Busevaluated experimentally as discussed below. sey, 1980). The VVCP design is shown schematically in Fig. 1 . The
MATERIALS AND METHODS
transmission line consists of a primary 2-m long coaxial cable Two types of experiments were conducted in the laboratory. (RG-58; 50 ohms) leading from the cable tester to the probe First, we studied the electromagnetic performance of the new head. From the probe head six coaxial cables (RG-174/U; 50 coaxial probe; subsequently we used the VVCP to determine ohms, 0.6 m) connect the shield of the primary coaxial cable average water content for uniform and nonuniform water conto six stainless steel conductors (each of length 0.26 m and tent distributions. 3 mm in diameter) that form the outer conductors of the VVCP. Six identical rods are connected to the conductor of the primary coaxial cable and form the array of the VVCP Electromagnetic Performance of the VVCP inner conductors. The VVCP outer conductor array (comThe characteristic impedance (Z 0 [ohm]) of the VVCP was prised of six rods) is inserted at equal spacing around the used to evaluate the electromagnetic performance of the probe perimeter of the cylindrical measurement volume, and the as compared with an ideal coaxial design. The impedance of VVCP inner conductor is formed by concentric arrangement a transmission line is a function of its geometry (spacing and of the other six rods. The flexible rod arrangement facilitates diameters of conductors) and the dielectric constant of the soil water content measurement within different soil volumes medium surrounding the probe. The characteristic impedance and greatly simplifies conductor's installation in which each for an ideal coaxial transmission line is (Kraus, 1984) : rod is inserted individually into the soil (by following marks on the surface or using a simple template). The diameters of VVCP inner and outer conductor arrays are denoted in Fig. 1 Z 0 ϭ 60
as a and b, respectively. The spatial sensitivity of measurement plays a key role in where ε b is the dielectric constant of a material surrounding the performance of the proposed VVCP design due to the the transmission line, a and b are the diameter of the inner and combination of nonuniform water content distribution within outer conductors, respectively. In practice, one can measure Z 0 the measurement volume (expected under drip irrigation) and from the reflection coefficient ref measured when the probe the nonuniform electromagnetic energy density between the is filled with a uniform material of known dielectric constant conductor arrays. A theoretical analysis of this problem is ε b (Zegelin et al., 1989) : beyond the scope of this feasibility study (interested readers are referred to Knight, 1992 and Knight et al., 1997) . Based on Knight's (1992) small perturbation analysis for coaxial probe design, we imposed a practical constraint on the VVCP ratio of a/b Ͼ 0.1 to reduce the so-called "skin effect" or concentra-
tion of most measurement sensitivity within a soil cylinder surrounding the inner conductor array. We also limited our evaluation to either uniform water content distribution (for where Z U is the load impedance (≈50 ohms for Tektronix 1502B cable tester [Tektronix Inc., Beaverton, OR]), V 1 is the basic comparison with standard probe designs), or to nonuniform water distribution from a point source located at the voltage of the measured waveform in the medium, and V 0 is the initial voltage of the waveform before travel in the medium center of the VVCP inner conductor array to maintain coaxial field. The air-dried soil was sieved (through a 2-mm sieve) and packed in a large cylindrical container (with diameter of 0.50 m and height of 0.50 m). The soil bulk density in all experiments was about 1.30 Mg m Ϫ3 . A Mariotte device was used to uniformly wet the soil surface by ponding, and later by supplying water to a dripper with a flow rate of 2 L h Ϫ1 to induce a nonuniform (radial) wetting pattern. Changes in water content were monitored through measurement of soil ε b using a Tektronix 1502B cable tester (Tektronix Inc., Beaverton, OR) equipped with a RS 232 computer interface. Time domain reflectometry waveform collected from either the VVCP or standard three-rod probe (with rod length equal to that of the VVCP rods L ϭ 0.26 m) were analyzed to infer water contents were performed automatically using a computer program (WinTDR, 1999) . The Topp et al. (1980) equation was used to calculate volumetric water content, , from TDR measured ε b .
Uniform Soil Water Content
Starting with a saturated soil, we allowed the water content to decrease gradually and measured subsequent changes in soil water content using the VVCP and a three-rod probe center of each cell to obtain a "point" value of water content.
The variables t 1 and t 2 mark the first and second reflections used
The resulting 64-point measurements were averaged and com- pared with VVCP volume-averaged measurements for the same conditions. These latter measurements were obtained by inserting the VVCP in a prescribed coaxial arrangement (see Fig. 2 Table 1 .
Additionally, we compared the shape and several other Nonuniform Soil Water Content characteristics of VVCP waveforms with those obtained from
The soil surface was wetted using a dripper with a flow rate standard three-rod TDR probe under similar conditions. of 2 L h Ϫ1 . In the laboratory experiments we applied the following discrete water volumes of 1, 2, 3, 4, and 8 L at 1-d
Measurements of Changes in Soil Water Content
intervals. The dripper was placed in the center of the inner coaxial array "a" of the VVCP. Additionally, we conducted Measurements of soil water content under uniform and nonuniform wetting patterns were conducted in a Millville silt a field experiment within a drip-irrigated corn (Zea mays L.) field by applying 20 L of water in a single event (located in loam soil (Or and Hanks, 1992) , in the laboratory, and in the the center of the VVCP). Soil water dynamics was monitored using the VVCP at 8-h intervals in the laboratory, and 1-d intervals in the field. Details of the various combinations and monitoring volumes are presented in Table 2 . 2) and shown in the last column tions at probe entry (soil surface) and probe end, respecof Table 1 . In summary, characteristic impedance meatively. The propagation velocity is determined from surements suggest that the VVCP electromagnetic perthese features, and subsequently used to determine the formance is similar to an idealized coaxial transmission bulk dielectric constant of the medium. 
Uniform Spatial Distribution
rent measurements of electrical conductivity (EC) rely on VVCP waveform attenuation as a function of bulk Temporal variations in soil water content for uniform EC and VVCP characteristic impedance. A sample of soil wetting (Fig. 4) , clearly show the agreement bewaveform measured in soil saturated with salt solution tween the VVCP and a standard three-rod probe. Deviawith bulk EC of 2.08 dS m Ϫ1 is depicted in Fig. 2 . tions between the two probes become noticeable only at water contents below 0.09 m 3 m
Ϫ3
. Note that the VVCP Characteristic Impedance results represent averages over several VVCP configurations ( Table 2 ) that became progressively difficult to Comparisons between geometrically calculated (Eq. vary as the soil became drier. In some instances repeated [1]), and measured (Eq. [2]) characteristic impedance for different VVCP configurations (volumes) are summarized in Table 1 . The results show an increase in characteristic impedance value (measured and calculated) with increasing diameter ratio b/a, which is also proportional to measured soil volume. The increase in characteristic impedance with larger probe volumes may cause an increase in signal attenuation and adversely impact waveform analysis for travel time (water content). Combination #6 (a ϭ 0.04 and b ϭ 0.40 m) with a/b ϭ 0.1 resulted in the highest measured characteristic impedance (Z 0 ϭ 205 ohms) that was close to 197 ohms for the three-rod probe with a/b ϭ 0.12 (see bottom row in Table 1 ).
The geometric equation for the characteristic impedance of a coaxial transmission line (Eq. attributed to an incorrect reference (V 0 ) determination soil volume sensed by the VVCP increased, the volumeaveraged water content measured was lower because of the larger fraction of dry soil included in the progressively larger measurement volume.
To evaluate the mass balance between water applied and soil water volume sensed by the VVCP under nonuniform spatial distribution, we have chosen to use measurements taken with the C5 configuration (the largest and most inclusive soil volume measured). The resulting average water contents and equivalent volumes of water sensed (the product of volumetric water content and soil volume) after application of 1, 2, 3, 4, and 8 L of water are shown in Table 3 . All water volume calculations were corrected for the residual water content ( r ϭ 0.02 m 3 m
). The soil surface was covered with plastic sheet to reduce evaporative losses during the experiments. The results in Table 3 show good agreement between water volume applied and measured in the soil. VVCP-measured and applied water volumes of about installation resulted in small air gaps that could perhaps 0.07 L is attributed to the unmeasured soil volume in explain some of the discrepancies shown in Fig. 4 . Such the core of the VVCP probe (i.e., soil volume enclosed repeated installations were made for evaluation purby inner conductor as can be seen in Fig. 1b ). This poses only and do not reflect the intended use of the difference requires a small correction that can be ap-VVCP in which a single configuration encompassing a plied at the onset of the experiment or monitoring petarget soil volume is likely to be used for prolonged riod (an estimate of the soil volume and porosity can periods of monitoring. The correspondence between the provide an upper bound for the maximum amount of two sets of measurements during water redistribution water stored in this immeasurable volume). phase confirm that VVCP water content measurements in a uniformly wet soil are indistinguishable from those Field Conditions obtained with standard three-rod probe.
The dynamics of water redistribution and evapotranspiration in a wetted soil volume in the field experiment
Soil Water Content Measurements for
was monitored during four consecutive days after appli-
Nonuniform Spatial Distribution
cation of 20 L of water from a dripper. The results
Laboratory Measurements
depicted in Fig. 6 show that total water storage in the partially wetted soil volume decreased with elapsed time For this series of experiments, water was applied to since the end of irrigation. It can also be seen that the soil surface from a single emitter (flow rate of 2 L increasing the measurement volume results in lower h Ϫ1 ) to induce a radial distribution pattern of water average soil water content as expected from incorporacontent. Figure 5 summarizes measurements of soil wation of larger proportions of drier soil into the measureter dynamics during a 40-h period with incremental addiment soil volume. From geometrical considerations, it tion of water as indicated on the x-axis. Application times is evident that a given wet soil volume contained in were 0.5, 1, 1.5, 2, and 4 h for the cumulative volumes progressively larger cylindrical measurement volumes of 1, 2, 3, 4, and 8 L. The results reflect the dynamic sensed by the different VVCP configurations would reprocess of water redistribution between application sult in progressively lower values of average water conevents. Nonuniform water content spatial distribution tent as seen in Fig. 6 . The field results confirm our under drip irrigation affects VVCP measurements as laboratory findings and show that VVCP measurements progressively larger soil volumes are interrogated by are reliable and can be used for field measurement of the probe from the C1 configuration (ෂ3 L of soil) to the C5 configuration (ෂ47 L of soil, see Table 2 ). As the partially wet soil volumes. Comparisons with volume The VVCP may be suitable for lateral profiling of soil water distribution around a point source by using various coaxial configurations to differentiate soil water conditions at different radial slices or soil volumes. We speculate that other applications in the wood and construction industry requiring determination of water content in large volumes of porous media (wood, concrete, etc.) could benefit from the availability of a probe capable of interrogating such large volumes. Finally, we anticipate that the VVCP could play an important role as an experimental platform for testing theoretical models for spatial sensitivity functions and volume averaging under a wide range of configurations (for example pre- 
SUMMARY AND CONCLUSIONS
We designed and tested of a new TDR probe (termed averaged three-rod measurements obtained from three VVCP) for measurement of water content and electrical locations (same depth as VVCP of 0.26 m) show that conductivity in partially wetted soil volumes. Coelho the water content volume averaging by the VVCP was and Or (1997) emphasized the need for such volume similar to averaging obtained by these multiple meaaveraging measurement capability for irrigation mansurements by three-rod probe. agement in partially wetted soil volumes such as by drip Both laboratory and field experimental results deirrigation. The VVCP is comprised of 12 stainless steel scribed in this section clearly demonstrate that for water rods (3 mm diam.) arranged in the measurement volume application from a point source located at the center of in a coaxial transmission line configuration with six rods the VVCP, radial variations in water content distribuforming the outer shell, and the other six rods forming tion did not have a significant impact on the capability the inner coaxial core. of VVCP to measure total water stored within the soil Experimental results show consistent relationships volume defined by the coaxial arrays. The apparent lack among measured water content by VVCP and by stanof sensitivity to radial spatial variations in water content dard three-rod TDR probes at different soil volumes, (and in bulk dielectric constant) may be attributed to and they exhibit similar dynamic responses. The followthe relatively high a/b ratios used that reduced skin ing conclusions may be drawn from the results: (i) waveeffects and extreme sensitivity observed in other studies forms measured with the VVCP were similar to those (Annan, 1977; Knight et al., 1997) . Additionally, the obtained with standard three-rod probes; (ii) measured use of large a values (large inner diameters) may have characteristic impedance of the VVCP for different reduced large radial gradients in water content near the combinations was similar to geometrically calculated point source in favor of more gradual radial variations values for an ideal coaxial probe; (iii) the VVCP was with small spatial sensitivity as predicted by the perturbacapable of maintaining a water balance to within Ͻ90% tion analysis of Knight (1992) . These conclusions howfor uncorrected measurements, and could easily be imever, are limited to a point source located at the VVCP proved to nearly 98% considering the unmeasured core axial-symmetry, for nonsymmetrical point sources, issues of the coaxial probe; (iv) an important attribute of the of spatial sensitivity are likely to become more significant.
proposed VVCP is the determination of volume-averaged water content and its dynamics around a dripper Potential Applications of the VVCP using a single measurement. No other method presently used for drip irrigation management can provide such We envision several potential applications for the proinformation (neutron probe cannot measure near the posed VVCP. The primary application is the use of a surface, other TDR applications require multiple probes single probe to monitor changes in water and solute and averaging). Our conclusions suggest that future remass emitted from a point source within relatively large search should focus on evaluation of VVCP for other soil volumes. This leads to practical applications involvsoil types and variable water content contrasts (e.g., drip ing integration of soil water status in crop rooting zones irrigation in a relatively wet soil). that are nonuniformly wetted by drip and micro irrigation. In addition to monitoring applications, the VVCP 
